The ultra-fast demagnetization of small iron clusters initiated by an intense optical excitation is studied with time-dependent spin density functional theory (TDSDFT). In particular we investigate the effect of the spin-orbit interaction on the onset of the demagnetization process. It is found that the initial rate of coherent spin loss is proportional to the square of the atomic spin-orbit coupling constant, λ. A simplified quantum spin model comprising spin-orbit interaction and a local timedependent magnetic field is found to be the minimal model able to reproduce our ab initio results. The model predicts the λ 2 dependence of the onset rate of demagnetization when it is solved either numerically or analytically in the linear response limit. Our findings are supported by additional TDSDFT simulations of clusters made of Co and Ni.
Achieving control over the magnetization dynamics at the femtosecond timescale is a desirable asset for new magnetic data storage technologies. The ultrafast optical demagnetization (UOD) phenomenon, discovered by Beaurepaire et al 1 , in which an intense femtosecond laser pulse induces an abrupt and dramatic loss of magnetization in a metallic film, initiated what is now the highly active field of femto-magnetism. Typical UOD experiments are based on the pump-probe method, where a femtosecond laser pulse in the optical range (pump) is shed onto the magnetic sample and then a delayed short electromagnetic pulse (probe) is used to detect the magnetic response through possible linear or non-linear magnetooptical effects 2 . By varying the time delay between the pump and the probe the magnetization dynamics can be reconstructed in the time domain over a typical range spanning from a few femtoseconds to a few picoseconds. The rapid demagnetization process that develops over this time can be characterized by two distinct stages: (i) a coherent stage in the first few tens of fs when the light interacts with the electrons and (ii) a relaxation stage when hot electrons and spins interact with each other and with the lattice so to thermalize. Although the role of the particular microscopic spin-flip mechanisms is often unclear and dependent on the details of the magnet investigated, the thermalization process is in general tractable through empirical three-temperature models 1, 3 , which establish rate equations between the spin, electron and phonon systems. In contrast, theory for the coherent stage is rather unsettled and spans a range of different views (not necessarily mutually exclusive), from relativistic accounts of the direct photon-spin coupling 4 to semi-classical transport models 5 .
Experimental works, focussed on the coherent regime, have described a strong dependence of the rate of UOD on the material and, particularly, its spin-orbit coupling (SOC) properties. For instance, it has been reported 6 that materials exhibiting stronger SOC demagnetize significantly faster than lighter ones. The SOC has been identified as a key component enabling UOD also in earlier theoretical works based on model Hamiltonian 7 . Very recently time-dependent spin-density functional theory (TDSDFT) calculations 8 have provided another confirmation of its essential role for the ultrafast laser-induced loss of spin in bulk transition metals. In this letter we seek to gain further understanding of the microscopic mechanisms responsible for the very initiation of the UOD. We employ the only practically-applicable firstprinciples theoretical framework, the TD(S)DFT 9, 10 , that allows to simulate the UOD process for real atomic clusters directly in the time domain and for experimentally-relevant times. We demonstrate that the very onset of the demagnetization is triggered by the electronic charge response to the electric field of the pulse. The charge and spin currents generated give rise to a magnetic field which in combination with the SOC facilitates spin flips and global spin decay. We also establish that the initial, coherent demagnetization rate is proportional to the square of the ionic SOC strength for a range of small transition metal clusters. In particular, we focus on Fe 6 , the geometry and ground state (GS) spin 2S = 20 of which have been previously predicted by the LSDA 11 . It is well-known that open d-shell systems are problematic to local approximations of the exchange and correlation (XC) functional.
Here, however, our intention is to study the generality of the spin dynamics so that possible quantitative features are not important at this time. We consider the adiabatic temporal extension 12 of the local spin-density approximation (ALSDA), parameterized by Perdew and Wang 13 and implemented in the Octopus code 14 . In all our calculations spin dynamics is initiated by a single intense electric field pulse (we neglect the magnetic field component). We solve the time-dependent KohnSham (KS) equations
where H KS ( r, t) is 2×2 matrix in spin space to account for non-collinearity, ψ j are two-dimensional spinors and we consider the time-dependent KS Hamiltonian with electric field, E(t), introduced in the length gauge
We substitute the ionic potentials, centered at each site R I , with soft norm-conserving fully relativistic pseudopotentials that reproduce correctly the semi-core and valence wavefunctions beyond a certain core radius
Here,ˆ S is the spin operator,ˆ L is the angular momentum operator associated to the atomic center, while the scalar part of the pseudopotentialV ion l (r) includes the effect of the mass shift and the Darwin term. V SO l (r) defines the range of the SOC term 22 . Within the adiabatic LSDA, at every time t the XC potentials are calculated through the ground state LSDA exchange-correlation energy functional corresponding to the instantaneous electron charge density n( r, t) = j∈occ. ψ * j ( r, t)ψ j ( r, t) and spin density s( r, t) = 2 j∈occ. ψ * j ( r, t) Sψ j ( r, t) , i.e. v xc ( r, t) = δE xc δn n( r, t) s( r, t)
, B xc ( r, t) = 2µ B δE xc δ s n( r, t) s( r, t)
. 
where
The first term in Eq. (6) can be written as a two components tensor, J k ∇ k (n∇ k s). An effective local magnetic field can be defined as B eff ( r, t) = B kin ( r, t) + B xc ( r, t). This field is not necessary locally parallel to s( r, t) and produces a local torque.
The last term in Eq. (6) Γ( r, t) is the only source of global spin relaxation in the temporal evolution. Note that in this description the global spin change is only determined by the orbital dependent scattering properties of the non-local component of the atomic pseudopotential as a result of the SOC and it is, therefore, not dependent directly on the Kohn-Sham orbital momentum defined as L KS = r × J KS . Later in this letter we will revisit Eq. (6) and use it as a base for a simplified quantum model for the spin operator. cluster. For a range of pulse shapes and amplitudes the magnetic response is a decay in the global spin expectation value, S z (t) = d 3 rs z ( r, t) . The pulse excites the cluster and the rate of the spin decay triggered by the excitation is correlated with the total variation of the TDSDFT energy before and after the pulse (the larger the energy deposited in the cluster, the larger the induced spin-decay rate). Note, that after the pulse the total energy is conserved, Fig. 1(b) .
The spatial distribution of the calculated demagnetization is visualized in Fig. 2 , where we plot the time and space averaged (along the direction of the symmetry axis of the cluster, z) planar distributions of the temporal variations (with respect to the GS) of the spindensity and the effective magnetic field 23 . It is notable that the negative variation of s z ( r) is predominantly localized around the atomic centers [panel (a)]. Furthermore, the averaged spin-variation distribution difference between analogous simulations with and without SOC [panel (b)], which approximately represents the global spin loss in the presence of the SOC, is also localized 24 . In particular it is more pronounced along the direction of the bond with the apex atoms, the shortest bond length in the system along the direction of the laser electric field. The effective magnetic field is very inhomogeneous in the GS. Its temporal variation, however, shows a spatial correlation with the variation of the spin density. The regions of decrease of spin density exhibit an increase in B As suggested by Eq. (6), the SOC is expected to have a major role in the spin-decay process. In order to extract such effect we have introduced an artificial scaling factor, α, in front of the SOC term of Eq. (4). Depicted in Fig. 3 is the effect on the global spin-variation trajectory of the variation of α from 0 to 4. The rate of spin loss, both pulse-coherent and post-pulse, is strongly affected by the SOC strength with the limit of α = 0 (no SOC) resulting in global spin conservation. In panel (b) we have plotted the same spin trajectories after removing their GS offset and scalling them by a factor of 1/α 2 . The overlap of the curves demonstrates that in the initial coherent stage the spin-decay rate scales as the square of the SOC strength.
We now compare the global spin trajectories to those of the B z eff in the vicinity of the atomic centers. We define a measure of the local variation of the latter as
where Ξ i are non-overlapping atom-centered spheres of radius 0.85Å for all the quantities plotted in 3(c,d). Although such defined B z eff (t) appears noisy due to spatial grid effects, it does show a coherent response to the external field pulse and during this stage it is practically independent of the SOC strength. After the pulse dies out the decrease in the absolute value of B z eff (t) correlates to the global spin decay in panel (a), and that is especially notable for higher α. This is related to the fact that practically all the spin loss takes place in the same atomic vicinity regions where B z eff (t) is defined. The insights drawn from Fig. 3 for Fe 6 suggest that the SOC is key in the demagnetization process, which in turn takes place in the vicinity of the atomic sites, i.e. where the SOC is the strongest. Furthermore, we have observed that in the same regions the B z eff also decays rapidly in time, coherently with the laser field. As a minimal model for understanding the demagnetization process we propose the following spatially homogeneous and time-dependent spin Hamiltonian H(t) = λL ·Ŝ + B(t) ·Ŝ ,
where λ defines the SOC strength and B(t) is a timedependent magnetic field. This model effectively mimics the local effective spin dynamics at a given point in space arising from the TDSDFT calculation as described by Eq. (6). The basis set used to expand the wavefunction, solution of the corresponding time-dependent 
